The use of welded wire fabric as shear reinforcement has become popular among precast concrete manufacturers because of its relative ease of placement and saving of time and money due to reduced cutting, bending, and labor. The use of welded wire fabric (WWF) as shear reinforcement also is promising for prestressed precast concrete members with deep thin webs. However, few research papers are available regarding the use of WWF as shear reinforcement. ,., Welded wire fabric is manufactured from cold-drawn steel wires and generally tack-welded in an orthogonal mesh. The strength of WWF is usually greater than that of conventional stirrups. However, the cold-drawing process significantly decreases the ductility of WWF. The ultimate strain of the WWF is usually less than 2 percent while that of conventional stirrups is greater than 15 percent. The anchorage of WWF is provided by the bond of the vertical wires and the dowel action of the longitudinal wires welded on the vertical wires. The PCIIWRI Committee' recommended the use of two longitudinal wires at top and bottom for the anchorage ACI Structural Journal I July-August 1988 of smooth WWF and one longitudinal wire for the deformed WWF. The ACI Building Code' required using two horizontal anchorage wires at top and bottom for both smooth and deformed WWF. Conventional stirrups are normally hooked at both top and bottom longitudinal reinforcements. This configuration provides not only good anchorage but also good confinement of concrete and shear transfer by the dowel action of the longitudinal reinforcement. The welds of the WWF introduce additional weakness, due to the stress concentration, which could be serious under cyclic loading conditions. rups, single-legged stirrups, and three different types of commercially available welded wire fabric. A beam without web reinforcement was also included in this program to evaluate the contribution of concrete. All beams were designed with a nominal flexural strength higher than the shear strength.
The longitudinal tensile reinforcement consisted of three 20M-400 MPa deformed bars, two 15M-400 MPa deformed bars, and two 13 mm seven-wire stress-relieved prestressed strands with a specified minimum MPa deformed bars were used as longitudinal compressive reinforcements _ The beam flange was reinforced with a 4 x 4-W4-W4 welded wire mesh. The dimensions and cross section details of a typical beam are shown in Fig. 1 . The various shear reinforcement configurations and their material properties used in this program are given in Table 1 and Fig. 2 . Typical configuration of the welded wire fabric used in this program is shown in Fig. 3 . It should be noted that the lack of ductility of the vertical wires of the deformed wire fabric is based on independent testing of nine specimens.' For a constant stirrup spacing s of 152 mm, the steel area of the shear reinforcement A. was selected according to the measured yield strength /y and the measured concrete strength f ; to have similar steel contribution A,f/ b. sf; , as close as possible for all the beams tested in this program where b. is the web width of the beam . Concrete was obtained from a local ready-mixed concrete supplier. The mix contained normal portland cement and local river aggregates. The main properties (by weight) per cubic meter were: cement 325 kg, sand 925 kg, gravel 1000 kg, water 170 kg; maximum aggregate size 15 mm ; slump 100 mm. The average concrete strength , based on 150 'x 300-mm cylinders cas t and tested simultaneously with the beams, was 34.3 MPa. The beams were cured by sprinkling water and were covered with plastic sheets for seven days. The prestress fo rce was released at the eighth day. Prestressing forces were measured by load cells and strain gages attached to the strands, which were also monitored to evaluate the prestressing losses . Age at testing varied from 28 to 42 days.
Testing apparatus and procedure
Each beam was loaded directly with two equal concentrated loads with a span of 3000 mm and a shear span-to-depth ratio of 2.9. The test setup for a typical beam during testing is shown in Fig . 4 . The average concrete strains were measured using demec points that were attached to the concrete surface to cover all possible areas of diagonal cracking. Crack widths and the slides (relative movement) along the diagonal cracks were measured at different locations using three sets of Demec points, as shown in Fig. 5_ The steel strains were measured using electrical resistance strain gages attached to the prestressed and nonprestressed longitudinal reinforcements as well as the stirrups. Strain gages were also used to check anchorage, slippage of the reinforcement, and to monitor the prestressing force in the prestressed strands.
Beams were loaded in small increments of load varied between 10 and 15 kN to determine, with reasonable accuracy, the loads corresponding to the initiation of the first flexural crack and first diagonal shear crack. The load increments were increased to 30 kN up to failure. At each increment, while the displacement was 
TEST RESULTS AND DISCUSSION General behavior
Lo ad-deflection at midspan measured for all six beams tested in this program is shown in Fig. 6 . Loadstroke curves for all the beams are shown in Fig . 7 since all the L VDTs underneath the specimen were removed before failure . The deflection behavior of all the beams was very si milar up to the initiation of the first diagonal shear cracks. The deflection of the beam without shear reinforcement (PSNl -O) increased rapidly after initiation of the shear cracks, compared to beams with 
Shear behavior
Concrete properties and measured results of all tested beams are summarized in Table 2 . Shear strength , which corresponds to the initiation of the first diagonal crack V", and ultimate shear strength V, are compared to the predicted values using different design codes'·' ·10 and are given in Table 3 . Table 3 indicates cJearly that the ACI Building Code' and the simplified method of the Canadian Code' provide the best predictions for this type of prestressed concrete T-beams . Due to the low shear reinforcement ratio used for these six beams, the general method of the Canadian Code' underestimated the ultimate strength of the beams by 40 to 58 percent. The predicted nominal shear strength provided by concrete, according to the ACI Building Code, was close to the tested values of applied shear force corresponding to the first initiation of the diagonal cracking.
Test results given in Table 3 indicate that the measured ultimate shear capacity of the beam without web reinforcement (PSNI-O) is 76 percent higher than the predicted value according to the ACI Building Code . This behavior is attributed to the low ratio of shear span-to-depth and the high flange width-to-web width ratios for this category of beams. Consequently, the shear crack strength V" could be reasonably used as the contribution of the concrete for shear reinforced concrete members. The prediction according to the ACI code underestimates the ultimate shear capacity for beams with shear reinforcement by 43 to 79 percent. The conservative predictions are mainly attributed to the measured shallow angle of the diagonal cracks of 25 deg instead of the 45 deg assumed by the ACI code.
The contribution of the shear reinforcement based on the difference between the measured ultimate load V. and load corresponding to the cracking load V" is compared to the yield strength of the stirrups A . 1;, in Fig.   8 . The high values obtained in Fig. 8 confirm the fact that the shear-carrying mechanism is not as simple as assumed by the 45 deg truss analogy. However, the consistency of the results indicates that the effectiveness of WWF as shear reinforcement is similar to that of conventional stirrups.
The effectiveness of the shear reinforcement could also be evaluated based on the ratios of the measured ultimate strength and predicted values using different design codes, as given in Table 3 . It is clear that the effectivenes s of the smooth WWF and the deformed WWF with an additional horizontal wire at mid height as shear reinforcement is the same as that of the singlelegged and double-legged stirrups. The lower ultimate strength value of the beam reinforced with deformed WWF (PSN2-WD) could be attributed to the lack of ductility of the WWF, as shown in Fig. 2 .
Failure mechanism
All tested beams failed in shear. The first diagonal shear cracks were initiated in each shear span of beams ACI Structural Journal I July-August 1988 For beams with shear reinforcement, additional diagonal cracks were formed with flatter angles as the load increased . For the beam with deformed WWF (pSN2-WD), the failure occurred suddenly by fracture of the vertical wires at the position crossed by the diagonal shear cracks, due to the lack of ductility of that WWF. For the four beams with other types of shear reinforcement, as the diagonal crack widened, stirrups crossed by the failure crack yielded and stress redistribution took place before failure. Further loading caused formation of transverse cracks across the top of the flange at the central region of the failure shear span, as shown in Fig. 9 . The failure crack propagated For the other two beams with conventional stirrups, the diagonal cracks propagated into a horizontal crack along the transition of the web and flange, causing damage of the anchorages of the stirrups, as shown in Fig. 10 . Failure occurred suddenly after formation of the diagonal cracks shown in Fig. 10 . The measured strains in the stirrups and the vertical wires of WWF were negligible before the initiation of the diagonal cracks. After cracking, the strains were dependent on the relative positions of the cracks to the strain gage locations and the crack widths. No loss of bond or anchorage in the stirrups or the vertical wires of WWF was observed, since the measured strains indicated continuing increase up to yielding by increasing the applied load. Thus, the anchorage of WWF by using two horizontal wires was sufficient.
Inspection of the test specimens after failure indicated that all fractures of the vertical wires of the WWF occurred at the locations crossed by the diagonal cracks rather than the weld points. This behavior reflected that the stress concentration of the weld does not affect the behavior of the WWF.
Crack patterns
Crack patterns of all the beams were similar, as shown in Fig. 9 reinforcement, the number of diagonal cracks was considerably less than that of the beams with shear reinforcement. Beams reinforced with deformed WWF (PSN2-WD and PSN4-WDH) had the most uniform and the largest number of cracks measured at the midheight of the section. The additional longitudinal wire at midheight of the WWF had no significant influence on the crack pattern, as is evident by comparing Beams PSN2-WD and PSN4-WDH in Fig. 10 . In beams reinforced with conventional double-legged and singlelegged stirrups, additional diagonal cracks were observed he fore failure due to the redistribution of the stresses, as a result of the ductility of the steel, as shown in Fig. 10 . However, a major horizontal crack was observed along the longitudinal reinforcement due to the reduction of the concrete cover, as a result of using single-legged stirrups for Beam PSNS-S6M. The beam with smooth WWF (PSN6-WS) showed a similar cracking pattern in comparison with the beams with conventional stirrups.
Crack width
At each load stage, the maximum crack width Wmo> was calculated by using the measured deformations in three directions at different locations of the beam, as shown in Fig. S . The crack width W was measured by the movement perpendicular to the crack. The movement parallel to the shear crack was used to measure the relative movement along the crack. Both quantities were determined based on the measured crack angle and the deformation in two pertinent directions. The maximum crack width for all the tested beams is shown in Fig. 11 . The total crack width was also calculated based on the summation of the crack widths, within the two shear spans, at each load increment for all beams, Fig. 12 . Slides along the cracks were found to be very small in comparison with the crack widths . Thus, the total relative movement within the beam was figured only based on the total crack width.
Both maximum crack widths and total crack widths were essentially the same for all the tested beams up to the initiation of major diagonal shear cracks. At higher load levels, beams with smooth WWF (PSN6-WS) and double-legged stirrups (PSN3-D2) exhibited slightly smaller crack widths than the other beams. However, the amounts of shear reinforcement used in those two beams were also slightly larger than the other beams, as given in Table I . The beam with the single-legged stirrups (PSNS-S6M) had relatively the largest maximum crack width, which could be attributed to the relatively smallest amount of shear reinforcement used in this beam . The same trend could also be observed in terms of total crack width, as shown in Fig. 12 . Accordingly, the variation of the crack widths of the beams with shear reinforcement was mainly proportional to the amount of shear reinforcement rather than the stirrup configuration. The additional horizontal wire at the mid height of the beam in WWF made no improvement in terms of crack width, as is evident by the identical behavior of Beams PSN2-WD and PSN4-WDH .
CONCLUSIONS
Based on the test results, the following conclusions can be drawn:
I. Crack widths were essentially the same for all types of shear reinforcement configuration up to the initiation of major diagonal cracks. At higher load level, the slight differences in the crack widths were influenced by the slight variation of the percentage of shear reinforcement regardless of the type and configuration of shear reinforcement.
2. Anchorages of WWF by means of two horizontal wires at the top and bottom of the vertical wires were sufficient. The stress concentration due to tack-welds and limited ductility of the cold-drawn wires does not influence the effectiveness of WWF as shear reinforcement. Using deformed WWF slightly improved the distribution of the diagonal cracks in comparison to the conventional stirrups.
3. The effectiveness of WWF is the same as that of conventional stirrups in terms of crack width control and the shear strength of the beam.
4. The additional horizontal wire at the midheight of WWF had no significant influence on crack pattern, crack width, and the stiffness of the beam. However, it could enhance the ductility as well as the ultimate shear strength of the beam.
5. Welded wire fabric used as shear reinforcement should exhibit adequate ductility to insure the overall ductility of the member.
RECOMMENDATION
Further research should address the behavior and the effectiveness of WWF as shear reinforcement under cyclic loading conditions to examine possible problems related to anchorage and ductility. 
